[1] A physically based aerosol climatology is important to address questions of global climate change. We evaluate the aerosol climatology used in the GISS ModelE (Schmidt et al., 2006) , by characterizing and comparing the geographic distribution and seasonal variability of aerosol optical depth (AOD) and particle size via Å ngström exponent (A) against available satellite and ground-based measurements, i.e., MODIS, MISR, POLDER, AVHRR, and AERONET data. There are a number of model parameters, particularly those related to aerosol size specification, that can be better constrained by comparison to satellite data. Our comparison shows that there are large differences in the satellite and ground-based global distributions of AOD. The differences between the observations increase for the Å ngström exponent. Given the uncertainties associated with satellite retrieval results, the agreement in the distributions of global optical depth between GCM aerosols and satellite data is qualitatively reasonable. However, the Å ngström exponent of the GCM aerosol is clearly biased low compared to satellite data, implying that the GCM aerosol sizes are overestimated. There is qualitative agreement of the ModelE aerosol single scattering albedo v with TOMS Aerosol Index (AI) and AERONET data. The comparisons show insufficient aerosol absorption at most locations, suggesting a possible underestimation of black carbon distributions in the GCM. However, a more quantitative comparison first requires a readjustment of the GCM aerosol size specification. 
Introduction
[2] Aerosols have been identified as the largest single source of uncertainty in the anthropogenic contribution to global forcing of climate change [e.g., Charlson et al., 1992; Hansen et al., 1997a Hansen et al., , 1997b Hansen et al., , 2000 Hansen et al., , 2002 . Sulfate aerosols, because of their strong negative forcing, are seen as the likely explanation for the discrepancy between modeled changes in global surface temperature and the observed temperature record [Haywood and Boucher, 2000] . More recently, black carbon aerosols have been identified as playing a key role in climate change, particularly in those areas that are undergoing rapid industrialization such as China and India [Menon et al., 2002] . Because of the counteracting effects of absorbing and nonabsorbing aerosols, and because of large uncertainties in aerosol indirect and semidirect effects on clouds [Intergovernmental Panel on Climate Change, 2001] , the total aerosol impact on climate is both complex and uncertain, hence there is a pressing need to study the radiative properties and the geographic and temporal variability of atmospheric aerosols.
[3] Unlike the radiative forcing of the well mixed greenhouse gases, the radiative forcing due to aerosols is more difficult to define accurately, primarily because of the large spatial and temporal variability of aerosol composition, size, mixing, and shape, all of which affect the aerosol radiative parameters and make it problematic for remote sensing measurements to characterize the aerosol radiative properties in a form that would be useful for climate modeling. Moreover, given the absence of direct observational information of global aerosol change over past decades, it becomes necessary to infer the global distribution of aerosols from chemistry transport model simulations utilizing historical trends in fossil fuel and industrial emission data. Thus validation of the GCM global aerosol climatology over the past decades can only be accomplished indirectly by comparing the GCM aerosol distributions for current climate with available satellite and ground based measurements.
[4] Prior to 2002, evaluation of aerosol models was mainly carried out by comparing modeled aerosol optical depth with AVHRR retrievals over ocean and TOMS data over land, or by comparing the model results with in situ measurements like AERONET. Representative studies, to name a few, include Chin et al. [2002] who compared the GOCART aerosol optical depth with AVHRR and TOMS satellite data and AERONET Sun Photometer measurements, and Penner et al. [2002] in which AVHRR derived aerosol optical depths are compared against with 6 different aerosol models. With the launch of MODIS on board both Terra and Aqua, MISR on Terra, POLDER on ADEOS, OMI on Aura, GLAS carried on IceSat, and CALIOP on Calipso, more aerosol information has become available. Kinne et al. [2003] carried out a global comparison of monthly mean aerosol optical depth between models, satellite data, and AERONET ground observations. MODIS data, along with AVHRR and TOMS retrievals, were used in this study. In the paper by Stier et al. [2005] , the composite MODIS-MISR satellite retrievals (MODIS over oceans and MISR over land) were used to assess aerosol optical depth from ECHAM5-HAM. Here, the authors compared the ECHAM5-HAM Å ngström Exponent versus MODIS data to evaluate the aerosol sizes specified in the model. Field campaigns typically offer more detailed aerosol information than is available from satellite remote sensing. Takemura et al. [2003] analyzed not only aerosol optical depth and Å ngström parameter, but also single scattering albedo, but the study was limited to the Asian Pacific area. As evident in these studies, there are large discrepancies among satellite retrievals, as well as among GCM aerosol climatologies. Reconciliation of the different data sets and achieving an understanding of the causes that are responsible for the differences, while a worthy goal, is beyond the scope of this study. After all, the scientists directly responsible for the different data sets have been working toward these goals, but have not solved all the problems. In particular, since our ModelE aerosol climatology relies on a number of best guess parameters, the objective of this study is to evaluate the GISS ModelE aerosol climatology using available satellite data and ground measurements, in order to identify potential problems in the model's treatment of aerosols and provide improved constraints for the present set of model parameters especially those related to aerosol size specification. At present, the GCM aerosols interact with the model's relative humidity fields but not with the winds or precipitation. Although GISS aerosol model has been included in other comparison studies [i.e., Penner et al., 2002; Kinne et al., 2003; Yu et al., 2006] , the aerosol climatology has never been systematically and extensively evaluated using the most recent satellite aerosol retrievals. Moreover, in contrast to the previous studies [Kinne et al., 2003; Stier et al., 2005] , we have multiyear data sets rather than a single year of MODIS and MISR data. Multiyear averaging serves to minimize biases that may arise from a particular year. In this paper, we evaluate GISS ModelE aerosol climatology utilizing MODIS, MISR, and POLDER data supplemented by AVHRR, TOMS, AERONET measurements. The radiative parameters include the aerosol optical depth, Å ngström Exponent, and single scattering albedo.
[5] The aerosol climatology used in the GISS GCM is taken from chemistry-transport model simulations which define the spatial and time dependence of the tropospheric aerosols in the form of monthly mean height-dependent aerosol mass density distributions [Koch, 2001] . The major species of tropospheric aerosol in the GISS ModelE GCM include sulfate, sea salt, nitrate, dust, black carbon, and organic carbon aerosols as described in sections 3.2 and 3.3 of Schmidt et al. [2006] . More specifically, the sulfate aerosol distributions are based on anthropogenic emission rates for SO 2 taken from the inventory of Lefohn et al. [1999] . A seasonally variable sea salt climatology is adapted from Chin et al. [2002] , while nitrate aerosols are from Liao et al. [2004] . The industrial black carbon emissions for 1950 and 1990 are based on United Nations energy statistics as described by Tegen et al. [2000] , and include temporal changes in fossil fuel use technologies . Natural and biomass burning emissions are described by Koch et al. [1999] and Koch [2001] . Organic Carbon (OC) emissions are assumed to be a factor of 4.0 and 7.9 times those of Black Carbon (BC) for industrial and biomass, respectively [Liousse et al., 1996] . Absorption by BC is increased by a factor of two to account for absorption enhancement due to internal mixing of BC with nonabsorbing aerosols [Chylek et al., 1995] , which in the GCM is parameterized in terms of an external mixture of aerosols. There is a further normalization, in the form of multiplicative factors of 1.9 and 2.5, respectively, that is applied to BC and OC aerosols in order to yield optimal agreement with the AERONET aerosol absorptivity . Mineral dust aerosols are based on aerosol transport model simulations for eight different size bins ranging from 0.1 mm to 8.0 mm effective radius [Tegen et al., 1997 [Tegen et al., , 2000 . For hygroscopic aerosols (sulfate, nitrate, sea salt, and OC), parametric formulas for particle growth as a function of relative humidity, including the accompanying change in density and refractive index, have been incorporated in the GISS GCM .
[6] Look-up tables of Mie extinction coefficients are tabulated for relative humidities ranging from 0.0 to 0.999 separately for each aerosol type on the basis of laboratory measurements [Tang and Munkelwitz, 1991, 1994; Tang, 1996] . Laboratory measured refractive indices covering the full range of solar and thermal wavelengths [Toon et al., 1976; Nilsson, 1979; Volz, 1973; Patterson et al., 1977; Kirchstetter et al., 2004; Williams, 1974, 1975] are used to compute the Mie scattering radiative parameters for pure sulfate, nitrate, sea salt, black carbon, soil dust, organic carbon and sulfuric acid, respectively. In the ModelE aerosol climatology, the dry sizes for the different aerosol species are specified to be 0.1 mm in effective radius for back carbon, 0.2 mm for sulfate, 0.3 mm for nitrate and organic carbon, and 1.0 mm for sea salt, and eight size bins ranging from 0.1 mm to 8.0 mm for dust particles. Stratospheric aerosols (sulfuric acid) have time-variable size and optical depths [Sato et al., 1993] . However, for the time period of interest, the stratospheric aerosols are at their nearzero background level. Thus the ModelE aerosol radiative parameters and their spectral dependence are based on rigorous Mie scattering results, albeit for somewhat arbitrarily specified particle sizes, hence the need for comparison with observational data to refine the GCM aerosol parameterization.
[7] In view of the nature of the GCM aerosol data, we focus our comparisons on the monthly mean aerosol optical depth and single scattering albedo at the reference wavelength of 0.55 mm, and Å ngström coefficient for the spectral interval 0.55 -0.815 mm. These are the three principal radiative parameters that define the aerosol radiative forcing. The GCM aerosol climatology results presented here are computed for clear sky conditions, because remote sensing measurements of aerosols are specifically selected for cloud-free conditions. Since the GCM aerosol climatology trends are kept constant beyond 1990, the 1990 values are selected as being most appropriate for comparison with current satellite observations. Because of this, some differences between the model results and observations are to be expected because of differences in winds, clouds, and precipitation, which would affect the aerosol distribution. The principle satellite data sets used for comparison are from MODIS, MISR, POLDER, and AVHRR, with additional data from TOMS, and AERONET groundbased measurements.
[8] Aerosol optical depth (AOD, also denoted as t) defines the atmospheric aerosol burden. Given the modelsimulated atmospheric distribution and composition of aerosols, the aerosol optical depth can be calculated provided the complex refractive indices, size distributions, and hygroscopic properties of the aerosols are known. Aerosol mass loading per unit area M and optical depth are related by [Lacis and Mishchenko, 1995] 
where r is the specific density of the aerosol, Q ext is the extinction efficiency factor (at l = 0.55 mm), r eff is the effective radius (cross section weighted radius over the size distribution [Hansen and Travis, 1974] ). The Å ngström exponent (A, also denoted as a), is a measure of the effective particle size, and is typically computed over a specified spectral interval in the form of
For typical tropospheric aerosols, the Å ngström exponent tends to be inversely proportional to particle size with larger values of A associated with smaller aerosols. Because of the complexity of the actual aerosol size distribution, and being a mixture of different aerosol types, the Å ngström exponent serves as a more reliable indicator of aerosol size than the effective radius [Mishchenko et al., 1999] . The single scattering albedo v has particular climatological significance since the critical single scattering albedo at which the aerosol impact on global mean surface temperature changes from cooling to heating occurs in a relatively narrow range with v c % 0.86 for climate simulations with fixed clouds, but v c % 0.91 for the case of interactive clouds [Hansen et al., 1997a] .
[9] In the following, we first describe the data sets used for evaluating the GISS GCM aerosol climatology (section 2). In section 3, we present results of our comparison study. This is followed by a discussion of some of the problems and limitations of the different data sets. A summary of the main results is given in section 5. [Chu et al., 2002] , while the accuracy of MODIS AODs over ocean is within the calculated uncertainties ±0.03 ±0.05 Â AOD at l = 0.66 and 0.87 mm by comparing with colocated AERONET measurements .
[11] The MISR instrument consists of nine pushbroom cameras that view the Earth in 9 different directions (four forward, four backward, and nadir) at four wavelengths (446, 558, 672, and 866 nm) . By combining its multiple wavelength and multiple angle observations, MISR has the advantage of being able to retrieve aerosol type and discriminate spherical and nonspherical particles. However, the MISR products are probably more subject to cloud contamination, particularly thin cirrus, since there is no thermal channel for cloud screening. MISR has a 360 km wide swath, taking 9 days for complete global coverage, which means that monitoring of day-to-day aerosol variability is limited. The aerosol retrieval methodologies used with MISR data have been described by Martonchik et al. [1998] and Kahn et al. [2001] . Kahn et al. [2005b] have compared the MISR early postlaunch AOD retrievals over land and ocean with a 2-year measurement record of globally distributed AERONET Sun photometers. Their study indicates that overall about 2/3 of the MISR-retrieved AOD values fall within [0.05, or 20% Â column AOD] of AERONET; more than a third are within [0.03, or 10% Â column AOD].
[12] POLDER is a wide field of view imaging radiometer that has provided the first global systematic measurements of spectral, directionally polarized characteristics of the solar radiation reflected by the Earth/atmosphere system. It includes eight narrow-band channels, three of which have polarization capability (0.443, 0.67 and 0.865 mm). Retrieving aerosols over land is difficult because the contribution of the ground surface to the radiance reflected at the top of the atmosphere is generally much larger than that of aerosols. The polarization capabilities of POLDER open up a new opportunity to monitor aerosols over land surfaces since the polarization of most aerosol types is much larger than that of the underlying surfaces. In addition POLDER has the ability to retrieve aerosol shapes, which cannot be tackled by the MODIS type radiance only measurements, because polarization is very informative about the size, refractive index and shape of aerosols. POLDER algorithm over land uses the polarized radiances in the 0.865, 0.67 and 0.443 mm channels. Since the polarized radiance generated by dust and other coarse particles is typically small, large sized aerosols tend to be missed by the instrument given its limited spectral range from 0.443 to 0.865 mm [Deuzé et al., 2000 [Deuzé et al., , 2001 . Therefore only the optical characteristics of the accumulation mode aerosol are derived over land. Whereas over the ocean, the inversion scheme is based on the spectral normalized radiances in addition to the polarized normalized radiances in the 865 and 670 nm channels. The total aerosol optical depth, the Å ngström exponent, as well as the accumulation mode optical depth are deduced. Thus, over land POLDER optical depths and Å ngström exponents are used for qualitative regional variability information only, and not on an equal footing comparison of total aerosols such as MODIS, MISR, AVHRR and the GCM. For illustrative purposes, we include the POLDER retrievals over land along with those over the ocean, but the readers should keep in mind that the POLDER retrieved aerosol properties over land are mainly contributed by fine mode aerosol, leading to smaller optical depth and higher Å ngström exponent.
AVHRR and TOMS Data
[13] Before the launch of MODIS and MISR, remote sensing of aerosol optical properties from space was accomplished using satellite data that were not explicitly designed for this application, e.g., AVHRR and TOMS data. With a more than 2-decade record, the global twochannel Advanced Very High Resolution Radiometer (AVHRR) aerosol retrievals generated under Global Aerosol Climatology Project (GACP) provide valuable information on potential long-term trends in the spatial and temporal variability of atmospheric aerosols over the ocean. The principal limitations of this aerosol product are the limited spectral sampling, imperfect cloud screening and calibration uncertainties [Mishchenko et al., 1999] . There is no point-by-point validation of the GACP AOD retrievals with in situ measurements because of the limited number of cloud-free AVHRR pixels, 4 Â 4 km resolution sampled to 30 km, contained in the gridded ISCCP DX data set [Rossow and Schiffer, 1999] . Nevertheless, statistical comparisons with ship-borne Sun photometer results have shown good agreement. It is found that the ensemble averaged satelliteretrieved AVHRR optical depth overestimates the ensemble averaged Sun photometer data only by about 11% with a random error of about 0.04 [Liu et al., 2004] .
[14] The Total Ozone Mapping Spectrometer (TOMS) on board the Nimbus-7 and later on the Earth Probe satellite also provides a long-term nearly global climatology of aerosol optical depth and aerosol index (AI, which provides a measure of aerosol absorptivity) over both land and water surfaces from 1979 to present. TOMS measurements [Torres et al., 1998 ], which sample the UV backscatter between 340 and 380 nm relative to the Rayleigh scattering background, are an important source of information on the global distribution of absorbing aerosols, in particular, windblown mineral dust and biomass burning smoke aerosols. However, the retrieved quantities are sensitive to the height above the ground of the absorbing aerosol layer and must rely on correctly prescribed aerosol types. Subpixel cloud contamination is another major issue affecting the retrieval accuracy because of the large footprint of the instrument.
Ground-Based Measurements
[15] AERONET is a globally dispersed network of nearly 400 automated ground-based sun/sky scanning radiometers which provides correlative ground-based measurements for satellite and model validation studies at specific geographic locations [Holben et al., 1998; Dubovik et al., 2002] . Typically, the optical depth uncertainty of AERONET measurements is about ±0.01 to ±0.02, with spectrally dependent larger errors (±0.02) in the UV spectral range [Holben et al., 1998; Eck et al., 1999] . The accuracy of AERONET retrieved single scattering albedo is estimated to be within 0.03 . Because of their relatively high accuracy, AERONET data are widely utilized to validate satellite retrievals and model results. The principal limitation is that with only 400 stations unevenly distributed across the globe, the measurements may not be sufficiently dense for global coverage. Table 1 presents a summary of the data sets we used to evaluate the GISS ModelE aerosol climatology.
Intercomparison Results
3.1. Aerosol Optical Depth and Å ngström Exponent 3.1.1. Global Scale
[16] Comparison of the GISS ModelE aerosol climatology with available satellite data and AERONET measurements shows that the global optical depth distribution of GCM aerosols qualitatively agrees with satellite observations and ground-based measurements (Figures 1a  and 1b) . The atmospheric burden of aerosols is seen to be generally higher in summer (JJA) than in winter (DJF). The model appears to reproduce the prominent features of spatial and seasonal variations of satellite observed aerosol optical depth, such as wind blown dust over northern Africa and the Persian Gulf region, and smoke over southern Africa and South America. The aerosol loading is decidedly higher over land and near coastal regions. Aerosol optical depth is seen to decline with distance Kahn, personal communication, 2006) . POLDER data are kindly provided by Francois-Marie Bréon and are made available to us at 4 Â 5°GCM resolution. AERONET data are converted to the 4 Â 5°GCM grid resolution for comparison with the modeled aerosol climatology. If there is only one data point in a GCM grid box, we assumed the AERONET measurements at that location to be representative over the whole grid box. If there is more than one AERONET site in a GCM grid box, the data are combined with equal weight. NOAA AVHRR data [Stowe et al., 1997] are not included because of lack of aerosol size information.
away from the continental sources, consistent with the mechanisms of aerosol transport by large-scale wind systems and deposition. Overall, air is cleaner over the open ocean and in the Southern Hemisphere. High aerosol concentrations, most likely spurious, are reported by both MODIS and MISR at high northern latitudes in JJA and by MISR at coast of Antarctica in DJF. These may arise from the difficulties in cloud screening over snow and ice surfaces. The optical depth values of POLDER are unequivocally lower than any of the other data sets even over ocean where total AOD is retrieved. Over land such trend is expected, where aerosol optical characteristics are derived for the accumulation mode only. Taking into consideration of the fact that there are no AVHRR retrievals available over land, the global mean aerosol optical depth for AVHRR is very close to that obtained by MODIS and MISR, although large regional discrepancies may exist between the data sets. For example, the AVHRR retrievals tend to produce smaller optical depths in areas with high aerosol loading. Globally the GCM aerosol optical depth climatology appears to be underestimated relative to the satellite data, but the corresponding regional patterns of AOD distribution are much more variable. The model does not have enough dust transported off the west coast of Africa. Although biased low compared to satellite observations, the GCM aerosol optical depth is in closer agreement with AERONET measurements over the central Pacific in all season and the U.S. continent in DJF. The exceptionally high aerosol concentrations produced by the GISS GCM over Sahel region in the winter season, and to a lesser extent, in the Amazon during the summer, along with the inadequate aerosol mount in South America in DJF, suggest that shortcomings in biomass burning simulations in the chemistry transport model are responsible. All data products show elevated aerosol optical depth in North Pacific Ocean. This might be real because of the dust, pollutant, and biomass smoke from east Asia. An interesting finding is that the GCM gets even higher AOD value near Alaska than the upstream source region during the winter, which could be related to seasonal changes in sea salt concentrations.
[17] In contrast, large spatial and temporal differences, are seen to exist for the Å ngström exponent between the different data sets (Figures 2a and 2b) . This may not be surprising since the Å ngström exponent is obtained as the logarithmic derivative of the aerosol optical depths between two wavelengths (equation (2)), so that a small error in retrieved AOD at one or the other wavelength can be magnified into a larger error of the calculated Å ngström exponent. Thus the retrieval accuracy of A is particularly problematic in clean atmospheres where the aerosol signal is small and the derivation of Å ngström exponent becomes very sensitive to instrument calibration [Ignatov et al., 1998; Remer et al., 2005] . In addition, not all the satellite derived Å ngström parameters are calculated between the same pair of wavelengths (see Table 1 ). While the retrieval accuracy of aerosol optical depth is well documented [e.g., Remer et al., 2005; Kahn et al., 2005b] , there is no systematic validation for the Å ngströ m Exponent. Nevertheless, all of the data sets tend to show a higher Å ngström exponent over the land and near coastal areas, with the value decreasing toward mid-ocean, characteristic of a transition from smaller anthropogenically influenced continental particulates to generally larger oceanic sea salt aerosols. Because of the rather narrow range of the AVHRR retrieved Å ngströ m parameter, the above described pattern is less applicable for the AVHRR data. The POLDER retrieved Å ngström exponents over land tend to be much higher because the remote sensing technique utilizing the polarization signature of scattered solar radiance is more sensitive to particles within the accumulation mode. As shown in Figure 2 , MODIS retrieved aerosol sizes are smaller in the eastern part of the US (as represented by large Å ngström parameter) than in the west, particularly during the summer. The same pattern is also seen in the AERONET ground measurements, although to a lesser degree. Possibly this may be indicative of a greater concentration of sulfate fine mode aerosol in the east compared to the west, but further studies are needed to understand this interesting feature.
The geographical distribution of Å ngström exponent of the GISS GCM aerosol climatology broadly agrees with the MODIS data, but is systematically biased low in magnitude. Assuming accurate parameterization of particle growth for hygroscopic aerosols due to water absorption, we suspect that the aerosol dry sizes in the GISS GCM aerosol climatology are set too large; and this may also explain in part why the GCM aerosol optical depths are low compared to satellite observations.
[18] Given the refractive index, the Å ngström exponent, or slope of spectral extinction, provides a direct measure of the aerosol size in terms of its effective radius at least for the accumulation range of interest for tropospheric aerosols. As shown in Figure 3 ., for absorbing aerosols (refractive index of 1.5 + 0.003i) that are smaller than 0.05 mm effect radius, the Å ngström exponent is seen to decrease with decreasing sizes. For nonabsorbing aerosols, the Å ngström exponent would increase monotonically to the Rayleigh value of A = 4, as the effective radius approaches zero. Cursory inspection of the global distribution of Å ngström exponent in Figure 2 and the Å ngström exponent dependence on size shown in Figure 3 , suggests that the averaged effective radius of the GCM aerosol appears to be of order 0.3À0.4 mm, while the observational data suggest the value of 0.2À0.3 mm. Thus, in order to make the model results agree more with the satellite retrievals, it is desirable to reduce the averaged effective radius.
[ Figure 4 shows that although MODIS and MISR generally tend to agree on the relative shape of the seasonal cycle of aerosol optical depth over both land and ocean, they disagree on the magnitude of the optical depth. Figure 4 (left) shows the MODIS retrieved optical depths over land to be substantially higher than MISR while the reverse is true over ocean (Figure 4, right) , as previously noted in the intercomparison study by Abdou et al. [2005] . AVHRR retrieved optical depths over ocean, while similar in magnitude to MODIS-Aqua, differ in the shape of the seasonal cycle. POLDER2 derived optical depths tend to agree better with the other data sets than POLDER1 although they both have the same basic instrument design. The differences appear to be the result of POLDER2 utilizing a more realistic bimodal aerosol model comprising a fine and coarse mode, as typically found in AERONET retrievals [Eck et al., 1999; Dubovik et al., 2002] , compared to the less realistic monomodal aerosol model used in the POLDER1 retrieval algorithm. AERONET retrievals over land are also different from the satellite based observations, but this could be due to sparse and geographically uneven sampling of AERONET sites. Meanwhile, the seasonal cycle of GCM aerosols is decidedly different from all of the observational data sources over both land and ocean. A closer look finds that such a overall deviation of the seasonal shape from that of the observations mainly originate from tropical aerosols between 20°SÀ20°N. Further studies are needed before rendering any firm conclusions and a possible improvement.
[20] Differences between the different data sets become more pronounced when the size of the aerosol is considered. The aerosol Å ngström parameter has values that range from 0.2 (POLDER1) over the ocean to over 2.5 (POLDER1 and 2) over the land ( Figure 5 ). While the GISS ModelE Å ngström exponent is close to POLDER1 results over the ocean, it is well below the lower bound of the observed range for this parameter over land. It is disconcerting that MODIS-Aqua gets a 50% higher Å ngström exponent than MODIS-Terra over ocean ( Figure 5, right) , particularly since MODIS-Terra and MODIS-Aqua utilize the same basic satellite sensors and retrieval algorithms. An obvious difference is their equator crossing time, 1030 LT for Terra and 1330 LT for Aqua, respectively, but it is unlikely that the large difference in Å ngström exponent can be attributed to diurnal variations in aerosol size, or to the different viewing geometries, considering MODIS's broad spectral range and use of vector radiative transfer modeling in their retrieval algorithm [Levy et al., 2004] . Such large discrepancy in Å ngström exponent between Terra and Aqua may be indicative of differences in calibration and/or retrieval algorithms for Figure 5, left) , the much higher POLDER retrieved Å ngström exponents ($2.5) appear to be consistent with the polarization signal that would be expected from accumulation mode aerosols (r eff $ 0.1 mm) as discussed above.
Regional Scale
[21] To help isolate and localize the spatial and seasonal differences in aerosol variability, and to examine the satelliteÀmodel differences in light of different aerosol components, a number of key geographic locations have been marked off as shown in Figure 6 . These regions represent major aerosol regimes, e.g., dust pollution in Persian Gulf, from Sahara desert and off the west coast of Africa; biomass burning in South America and Africa; biomass burning combined with the southward flow of mineral dust from the Sahara desert in Sahel [Prospero et al., 2002] ; sea salt aerosols in southern oceans and central Pacific; other regions (east United States, west Europe, east Asia, North Atlantic, and North Pacific) are affected by both natural and anthropogenic aerosols components with no single predominant aerosol species. Figure 7 shows the seasonal variability of overall monthly mean aerosol optical depth for the selected regions. The averages are computed separately over water surfaces (top three rows) and land areas (bottom three rows) whenever the specified regions contain both land and ocean scenes, keeping in mind the difficulties of remote sensing of aerosols accurately over the land. The corresponding ModelE aerosol compositions that contribute to the total aerosol optical depth are shown in Figure 8 . Though different in magnitude, for the most part, the seasonal profiles of aerosol optical depth for the GCM and the different satellite data sets tend to agree with each other (Figure 7 ). The seasonality of MODIS-Terra and MODIS-Aqua AOD resembles that of MISR except that the AOD MISR is systematically higher than the AOD MODIS over the ocean (top three rows), while the reverse is true over the land (bottom three rows). POLDER2 aerosol optical depth data over the land are biased low, particularly over the regions where coarse particles such as dust and sea salt aerosol dominate (see AOD distributions in Sahara, Persian, and Southern Ocean). There is generally good agreement between AOD AVHRR and the AODs derived from other more advanced satellites despite the fact that the AVHRR instrument has only two spectral channels to retrieve aerosol properties.
[22] Specifically, the Persian Gulf area appears to have the closest match between GCM model results and satellite observations, with the same basic seasonal cycle and similar amplitude. The seasonal variation of AOD GCM also agrees with satellite retrievals in west Europe, North Atlantic, and North Pacific except during some winter months (DJF). Cursory inspection of the relative contributions of each principle aerosol component in the ModelE climatology (Figure 8 ) reveals a much higher sea salt concentration during the winter in these three areas, which may well be the cause of the deviation of the overall AOD GCM seasonal shape from satellite measurements.
[23] Over South Africa, the GCM and satellite observed seasonal minima occur at the same time, but the GCM maximum value comes about a month earlier than the satellite retrievals. A possible reason for this phase shift may lie in the modeling of biomass burning aerosols (BC + OC, see Figure 8 ). Compared with satellite observations, the GCM aerosol optical depth in the Sahel region is far too high during the December -January time period. However, it is possible that satellites may underestimate the true aerosol amount during peak burning seasons by classifying thick smoke as cloud. Likewise in South Africa, the GCM appears to underestimate the background aerosols in the Sahel region during nonburning seasons.
[24] The influence of westward transport of Saharan dust can be clearly seen in northwest Africa where the peak AOD values of MODIS and MISR reach as high as about 0.35 in July, whereas the GCM gets significantly lower optical depths. This may be attributed to weaker sources, and possibly weaker transport and/or strong deposition in the model.
[25] The central Pacific and Southern Ocean regions represent two clean oceanic sites that are dominated by sea salt aerosol (see Figure 8) . Over the central Pacific, the GCM aerosol is strongly lower than observations, but with the same general seasonal variability. In contrast, the Southern Ocean region is a problem area where the seasonal cycle of the GCM aerosol is of opposite phase to the observed variability (see Figure 7) . The GCM shows the peak optical depth as occurring in August (in agreement with peak wind speeds in the Southern Ocean regions), whereas all of the satellite data (MODIS, MISR, AVHRR, POLDER) have the aerosol optical depth minimum occurring in June to July. Potential cloud contamination is always a problem in this heavily clouded region. Further investigation is needed to explain this perplexing inconsistency between the model derived and the satellite observed results in this area.
[26] Meanwhile, over the land (bottom three rows of Figure 7 ), the GCM achieves reasonable agreement with MISR, over the Persian Gulf, Sahara Desert, east United States, and east Asia areas. The MODIS optical depth appears to be biased high relative to MISR and POLDER2 over land, and also with respect to AERONET measurements. The seasonal dependence of the different AOD data sets follows the same basic shape as observed over the water surfaces in the same region, and thus will not be discussed specifically.
[27] In contrast to the aerosol optical depth, the Å ngström exponent has a less well defined seasonal structure ( Figure 9 ). As in Figure 7 , the Å ngström exponents are also separately averaged over water surfaces (top three rows) and land areas (bottom three rows). MODIS-Terra and MODISAqua tend to have the same seasonal dependence, but there appears to be a constant bias in that MODIS-Aqua has consistently higher Å ngström exponents than MODIS-Terra over ocean. Interestingly, the differences in Å ngström exponent between MODIS-Terra and MODIS-Aqua are significantly smaller over the land than over the ocean, even though aerosol retrievals are more robust over ocean because of its near uniform dark surface and a more robust retrieval algorithm. Overall, it is seen that the satellite derived Å ngström exponents reach their maximum values in summer presumably because more sulfate aerosols are produced during this season, except in the Persian Gulf where A is minimum during the summer dust outbreak season and in South African and Sahel regions where the maximum A values appear around the biomass burning season. In clean environment such as central Pacific, there is little seasonal variability in Å ngström parameter. Perhaps because of the limited spectral information, no clear seasonality can be discerned from the AVHRR Å ngström exponent climatology, except in Persian Gulf and Southern Ocean regions.
[28] The seasonal variation of the GCM Å ngström exponent over the ocean (top three rows) shows reasonable similarity to the satellite retrievals, given the large uncertainties inherent in the satellite data themselves. However, the magnitude of the GCM Å ngström values is systematically biased low compared to the satellite retrievals. This implies that the aerosol effective radii specified in the model are too large (see Figure 3) . The Persian Gulf, northwest Africa, east United States, and central Pacific appear to have the closest match in terms of seasonal shape between GCM model results and satellite observations. Over the land surfaces, the GCM Å ngström exponent tends to agree with MODIS data in the Sahara and Persian regions, but is biased low in other places with a much smaller seasonal amplitude.
Local Scale: Comparison With AERONET Data
[29] AERONET measurements provide the most localized estimates of aerosol properties with perhaps the best cloud screening capability. In Figure 10 , we assume a flat trend for the GCM aerosol beyond 1990 and compare the ModelE aerosol climatology with AERONET measurements, along with other satellite data sets, at five isolated island locations: Amsterdam Island in the Indian Ocean and Midway, Nauru, Lanai, and Tahiti in the Pacific Ocean. On a local scale, the time series of AVHRR retrievals is noisy and often suffers from frequent missing data at certain times and locations because of the limitation of the sparse sampling of the ISCCP DX data [Rossow and Schiffer, 1999] . MISR get systematically higher optical depths at all locations except Lanai, consistent with what is observed at larger scales. At the more remote Amsterdam Island, Midway Island, and Nauru, MODIS-Terra and AERONET agree on both the aerosol optical depth and Å ngström exponent. MODIS-Aqua is consistently biased higher than Terra for the Å ngström exponent at all five locations. At Lanai and Tahiti, the AERONET Å ngström exponent is seen to be higher than both Aqua and Terra, but the corresponding AERONET optical depth is decidedly less than either Aqua or Terra. The most likely explanation for these results is that cloud screening is less of a problem at the other sites, but that at Lanai and Tahiti, both Aqua and Terra are significantly impacted by subpixel cloud contamination (thus producing a larger optical depth and a lower Å ngström exponent), whereas AERONET, by the nature of its solar beam extinction measurements, is better equipped to screen out small clouds than Aqua or Terra. It is seen that POLDER2 Å ngström exponents are closer to MODIS-Terra than to MODIS-Aqua at all locations. Meanwhile, the GCM has good agreement with AERONET data in terms of seasonality and amplitude of aerosol optical depth and Å ngström exponent at Amsterdam Island and Midway Figure 9 . Å ngström exponent climatology over the different areas shown in Figure 6 . Averages are obtained over water and land surfaces respectively if the designated areas contain both land and ocean masses.
Island. However, at places like Nauru, Lanai, and Tahiti, both AOD and A are underestimated.
Single Scattering Albedo
[30] The single scattering albedo is the next most important aerosol parameter to be compared against observational data. Ground-based measurements from the AERONET network (more than 390 sites) utilize the direct beam and diffuse radiances to derive the spectral dependence of the column integrated aerosol single scattering albedo. Remote sensing of aerosol single scattering albedo using TOMS data has been discussed by Torres et al. [1998] . The results however are strongly dependent on the prescribed surface reflectivity and the assumed height of Figure 10 . (left) Aerosol optical depth and (right) Å ngström exponent monthly mean time series at five isolated sites as measured by AERONET (black curves) and by different satellites. GCM aerosol climatology is also included and depicted by purple curves. the aerosol layer. They also suffer from subpixel cloud contamination. For example, a 10% subpixel cloud contamination produces an v overestimation of about 0.15, and a ±1 km uncertainty in aerosol height leads to an error in v up to 0.04 [Torres et al., 1998 ]. Because of these difficulties, the single scattering albedo is not an operational product of TOMS data. Rather, the TOMS Aerosol Index (AI) provides a measure of the spatial and seasonal variability of absorbing aerosols.
[31] Figure 11 shows January and July monthly mean single scattering albedo for the GISS ModelE aerosol climatology for 1990, the corresponding TOMS AI observations, and the overall monthly mean v at 0.44 mm in January and July retrieved from the AERONET measurements. To facilitate comparison with the GCM results, a crude rescaling of the TOMS Aerosol Index by (1 -0.1 Â AI) has been included in Figure 11 . However, the large differences in the patterns of peak absorptivity suggest that this scaling may be too crude, and that a more detailed simulation of the TOMS AI that explicitly includes the optical depth and height distribution of each GCM aerosol species, is required to achieve a more productive comparison. Nevertheless, as shown in Figure 12 , where the difference between GCM and AERONET single scattering albedo is plotted, it is apparent that the GISS GCM overestimates the aerosol single scattering albedo (and thus underestimates the aerosol absorption) at many AERONET locations. However, there is excess GCM absorption at a number of grid boxes spanning northern Africa and the Persian Gulf. Previous comparison of the GISS GCM aerosol with AERONET retrievals by Sato et al. [2003] showed a similar difference. On the basis of in situ measurements, satellite retrievals, and modeling studies [Kaufman et al., 2001; Dubovik et al., 2002; Colarco et al., 2002; Sinyuk et al., 2003] , the imaginary part of the refractive index of dust aerosols in ModelE [Patterson et al., 1977] was replaced by Sinyuk et al. [2003] , which put dust absorption in better agreement with AERONET results and TOMS retrievals. With this refractive index change, the global area-weighted annual mean dust single scattering albedo is now 0.965 at 0.55 mm, compared to 0.892 before. Evidently, a local overestimate of black carbon aerosol, given its strong absorption, is a possible explanation since there are still large uncertainties in the modeled BC mass fraction and particle size distributions. On the other hand, uncertainty in the AERONET retrieved single scattering albedo , up to 0.03, also exists.
Discussion
[32] There is a substantial agreement as well as substantial discrepancy between the GCM aerosol optical depth, Å ngström exponent, and single scattering albedo climatology and observational data. This can be attributed to many factors such as problems of space-time sampling, differences in microphysical and optical parameters used in the model and in the retrieval algorithm, and errors that originate from the chemical-transport model upon which the GCM aerosol climatology is based. Overall, the intercomparison suggests that the prescribed sizes in the GISS GCM aerosol climatology are too large and should be reduced to obtain a better fit to the observed Å ngström exponent (Figures 2, 5, 9 , and 10). This reduction in size may in turn increase the aerosol optical depth to be in better agreement with observed results. However, given that there are large differences between measurements, it is problematic to define a ''general consensus for ground truth.'' This also points to a continued need for improvement of the global satellite retrievals of tropospheric aerosols .
[33] In view of the fact that readjusting GCM aerosol sizes will also impact the aerosol optical depth distributions, and perhaps even change the seasonal cycle, it is logical to first address the Å ngström exponent issues. AERONET measurements undoubtedly provide the best observational estimates of aerosol size over land. The AERONET network measures spectral extinction by aerosols from direct beam observations of the sun, including an independent derivation of the Å ngström exponent from almucantar measurements of diffuse skylight [Eck et al., 1999] . Both sets of measurements agree well with each other, and also with a series of higher spectral and time resolution measurements made with RSS and MFRSR shadow-band instruments at the ARM SGP site in Oklahoma that included the use of a more robust cloud-screening algorithm [Alexandrov et al., 2005] . As evident from the Å ngström exponent dependence on aerosol effective radius in Figure 3 , the GCM aerosols over land appear to be larger than 0.3 mm, whereas AERONET suggests a value closer to 0.2 mm. In contrast, satellite retrievals entail more modeling complexities than the AERONET measurement because the satellite spectral radiances must first be converted to aerosol extinction optical depths using tabulated radiative transfer model results, which depend on knowledge of aerosol radiative parameters and properties that are not a priori available to the retrieval. Moreover retrieval of the spectral dependence of aerosol optical depth from which the Å ngström exponent is derived is fairly sensitive to nonlinearities in instrument calibration particularly at the low intensity end of the scale . Also, screening out subpixel cloud contamination, thin cirrus, and scattered light from nearby cloud fields is necessarily different for the different instruments and retrieval algorithms, and is unlikely be accomplished with complete success. The MODIS retrieval algorithm over land uses measured reflectances in only three spectral bands, and since the land surface variability can dominate the total signal, hence both AOD and Å ngström exponent retrievals are more dependent on model assumptions [Levy et al., 2004] . The MODIS algorithm over ocean is more robust since it makes use of six spectral bands from 0.55 mm to 2.13 mm and utilizes vector radiative transfer to model polarization effects within the atmosphere [Tanré et al., 1997; Levy et al., 2003 Levy et al., , 2004 Remer et al., 2005] , although apparently the 1.64 mm spectral channel for Aqua is defective, so that only 5 spectral wavelengths are used to derive aerosol properties over ocean from MODIS-Aqua. The AVHRR retrieved Å ngström exponent, based on ISCCP DX data, uses only two spectral channels [Mishchenko et al., 2003] and is available only over ocean. POLDER1 has the same basic instrumentation as POLDER 2, but uses a monomodal aerosol model in its retrieval while POLDER2 utilizes a more realistic bimodal aerosol comprising a fine and coarse mode. The previous analysis shows that over the ocean the AVHRR retrieved Å ngström exponent is close in magnitude to MODIS-Aqua, while POLDER2 is similar to MODIS-Terra, with POLDER1 getting the smallest A ( Figure 5 ). Meanwhile over land, POLDER appears to be sensitive only to the accumulation mode signal; MODIS-Terra and MODIS-Aqua are close to each other in magnitude, but are systematically higher than the AERONET data. There is no obvious choice for the ''consensus ground truth'' and no simple explanation for the rather large differences between the different observational results. Nevertheless, on the basis of the good agreement between MODIS-Terra and the second generation polarimetric POLDER2 retrieval results for the Å ngström exponent, and the fact that MODIS-Terra is in better agreement with the AERONET measurements (Figure 10 ), preference should probably go to MODIS-Terra over the MODIS-Aqua and AVHRR combination.
[34] In support of this, it is found that the MODIS-Terra overall fine mode fraction product is closer to AERONET than that of Aqua (L. Remer, private communication, 2005) , which reinforces our preference of Terra over Aqua. Accordingly, it seems reasonable to use the AERONET results for Å ngström exponent over land, and MODIS-Terra results over ocean for readjusting the GCM aerosol sizes. The caveat remains that cloud contamination may still be an important issue that requires further evaluation.
[35] While there is qualitative agreement between the GCM and satellite observed aerosols in general, of particular concern is the total disagreement in the phase of the seasonal cycle of the aerosol optical depth over the Southern Ocean region (30°S to 60°S, see Figure 7 ). Without exception, all of the satellite data show the aerosol optical depth to be minimum in June to July. As shown in Figure 8 , the GCM composition of the Southern Ocean aerosol is predominantly sea salt. The sea salt aerosol is taken from the chemistry-transport model results of Chin et al. [2002] , which utilize satellite observed winds from SSM/I [Atlas et al., 1996] and empirical relationships from Gong et al.
[1997] to compute the sea salt distributions. Because the average lifetime of sea salt particles is very short, there is every reason to expect the sea salt aerosol optical depth to be closely correlated with the local wind speed, whose maximum value occurs during July in the Southern Ocean region. Accordingly, there is strong reason to suspect that the satellite retrievals of aerosol optical depth in the Southern Ocean region are subject to sampling biases and/or cloud contamination that affect the seasonal dependence of the retrieved aerosols, as evidenced in part by the fact that MODIS and ISCCP do not agree on the seasonal variation of cloud fraction in the south ocean region. Remarkably, all the satellite retrievals, MODIS, MISR, POL-DER, AVHRR, exhibit the same seasonal retrieval bias. Otherwise there must be something seriously remiss with the chemistry-transport model calculations of sea salt aerosol distribution and seasonal variability.
[36] Despite its climatological importance, current satellite measurements are not sufficient to accurately retrieve the aerosol single scattering albedo. At present, AERONET measurements provide the principle means for validating the GCM single scattering albedo. In the future, Aerosol Polarimetry Sensor (APS), to be launched in 2008, will provide improved measurement of the global distribution of absorbing aerosols.
[37] Overall, the foregoing clearly demonstrates that aerosol sizes are overestimated in the GISS ModelE aerosol climatology. However, since the satellite retrieved aerosol properties are column integrated quantities and do not discriminate aerosol types, improving the size specification in the model is not a simple task. A simple across the board rescaling of the sizes of the different GCM aerosol species may not be sufficient to simultaneously fit both the observed optical depth and Å ngström exponent while retaining agreement with the geographical and seasonal variability. How best to resolve these issues and achieve an improved GISS GCM aerosol climatology entails further research efforts.
[38] It should be noted that as satellite retrieval algorithms continue to be upgraded and as GCM modeling results improve, characteristics of the model-satellite data intercomparisons are likely to change. MODIS Collection 005 data are expected to be available by the end of 2006 (L. Remer, e-mail communication, 2006) . On the GISS ModelE side, sulfur and sea salt model simulations have been upgraded and improved [Koch et al., 2006] , and there is ongoing effort to improve the aerosol modeling to better address the questions of global climate change.
Summary
[39] In this study, we have compared the aerosol climatology that is used in the current ModelE version of the GISS GCM using the available satellite data sets and ground measurements. Generally speaking, in regard to the seasonal variability of aerosol optical depth, MISR and MODIS tend to agree with each other, but they disagree with respect to the magnitude of the optical depth. MODIS retrieved optical depths over land are substantially higher than those of MISR while the reverse is true over the ocean. There are appreciable differences in the retrieved Å ngström exponent between MODIS-Terra (morning orbit) and MODIS-Aqua (afternoon orbit) over the ocean, with the value of A Aqua significantly higher that of A Terra . The bias significantly exceeds the daily variability in aerosol size. Although we have tentatively expressed a preference for MODIS-Terra Å ngström exponent, the reasons for the large discrepancy are still under investigation. POLDER1 and POLDER2 disagree with each other as well, but these differences are clearly due to the use of a different retrieval algorithm. POLDER2 data appear to be more consistent with the other data sets because the POLDER2 retrieval algorithm uses a more realistic bimodal aerosol model rather than the monomodal size model applied to the POLDER1 data. The POLDER retrieved Å ngström exponent over the land is significantly higher than the others because its spectral range is limited to the visible and near infrared. Lacking measurements at longer wavelengths, POLDER instrument cannot successfully detected coarse mode aerosols using polarization measurements, leaving retrieved A biased high. The AVHRR aerosol climatology is close to that of MODIS-Aqua over the ocean. All in all, the large differences between the different data sets indicate a pressing need for a substantial improvement of global satellite retrievals of tropospheric aerosols . In particular, there is an urgent need to reexamine the sampling and retrieval methodology of aerosols in highlatitude regions in order to resolve the glaring inconsistency in the seasonal cycle of sea salt aerosol optical depth between satellite retrievals and chemistry-transport model results.
[40] In summary, comparison of the GISS GCM aerosol climatology against available observation data reveals that the GCM aerosol optical depth spatial and seasonal variability shows reasonable agreement with observations, but that the overall magnitude of the AOD is underestimated. The agreement between the GCM Å ngström exponent and the satellite data is more or less satisfactory over the ocean, although the values are smaller than observed. Over the land, the GCM Å ngström exponent is clearly biased low. These findings point to the need for readjusting the GCM aerosol sizes. Additional indirect evidence comes from model intercomparison studies [Kinne et al., 2003; Textor et al., 2006] , which suggested the GISS dry aerosol sizes are larger than those specified in other AEROCOM models. Fixing the aerosol size problem may also increase the aerosol optical depth to be in better agreement with satellite data, which is now underestimated as found in this study and indicated in previous comparisons [Penner et al., 2002; Kinne et al., 2003] . Readjustment of the aerosol sizes may also impact the GCM aerosol single scattering albedo, although this effect is likely to be small. The higher globally averaged GCM single scattering albedo compared to AERONET data implies that a redistribution of the black carbon optical depths in the GCM aerosol climatology may be needed.
